A general contractor's ability to select proper subcontractors in foreign projects is a key competitive advantage. Toward this aim, a subcontractor selection model (CoSMo) was developed in this study. As a computational approach, the fuzzy sets method was employed because it can model human judgment by means of linguistic values, combining qualitative and quantitative decision criteria into an aggregate measure. Although the algorithm may be complex for easy acceptance by industrial practitioners, this disadvantage was minimized through a computer-supported system. In order to gain a better understanding of the current practice of CoSMo, a real world construction project was conducted. As a result, it was observed that CoSMo has high practical application and can be used as an advisory system by satisfying principal contractor's requirements to reduce the risk involved in the selection of a subcontractor. Moreover, it gives an initial idea of how subcontractors perform on each decision criterion and allows the main contractor to understand the picture on the strong and weak points of each bidder and thereby to take conscious decisions.
Introduction
The subcontracting system is usually described as the contractual process in which a principal contractor subcontracts some parts of the work to another contractor (Chiang 2009; Lingard et al. 2010) . In the construction industry, many general contractors act as project agents, and transfer actual project tasks to subcontractors for execution (Shash 1998; Grasso et al. 2008; Ng, Tang 2010) . Subcontractors may supply workers, materials, equipment, tools, and even design (Tam et al. 2011) . They could bring unique skills and talents for specialized work such as steel work, concreting, installation, and other sophisticated facility systems (Hinze, Tracey 1994) . Since a huge proportion of work is conducted by subcontractors, the non-performance of any subcontracting organization is one of the main causes for project failure (Arditi, Chotibhongs 2005; De Silva et al. 2012) .
Improvements in subcontractor selection processes have not received the attention that one would expect from a significant contribution to the construction industry. A construction project which lacks a rigorous subcontractor selection process is prone to many serious problems such as time and cost overruns, substandard works, disputes, and finally dissatisfaction of clients. From another perspective, it may also lead to the resignation of qualified subcontractors from the business or result in a lowering of their standards; thus producing cheap and poor-quality work (Choudhry et al. 2012; Kazaz et al. 2012 ).
Previous researches
Although numerous researches on the prequalification process of main contractors have been carried out to date (Nguyen 1985; Juang et al. 1987; Paek et al. 1992; Elton et al. 1994; Singh, Tiong 2005; Brauers et al. 2008; Mitkus, Trinkuniene 2008; Turskis 2008; Zavadskas et al. 2008 Zavadskas et al. , 2009 Zavadskas et al. , 2010 Plebankiewicz 2009 Plebankiewicz , 2010 Podvezko et al. 2010; Arslan 2012; Cheng, Kang 2012; San Cristobal 2012; Vahdani et al. 2013; Wang et al. 2013) , only a number of scientific papers discussing the problem of construction subcontractor prequalification have been published. Ng and Luu (2008) developed a case-based system for construction subcontractor registration. Mbachu (2008) suggested a framework for use by main contractors and consultants in the assessment of the suitability and performance of subcontractors. Arslan et al. (2008) proposed a web-based subcontractor evaluation system. Ip et al. (2004) made a specific research on subcontractor selection in a construction project, employing a mathematical model developed for a specific use in the manufacturing industry and based on cost and duration. Tserng and Lin (2002) developed an Internet-based model in order to take proposals from subcontractors. They take into account risk and profitability as well as reciprocal variations between these two factors by means of cost and time schedules. Kumaraswamy and Matthews (2000) suggested a system based on partnering relationships for the choice of subcontractors. They investigated the effect level of project-based or long-term partnership on the selection. In their study, a general framework was created without developing a specific model. Okoroh and Torrance (1999) proposed a model for subcontractor selection in refurbishment projects. They have presented a model for analyzing the subcontractor's risk elements in construction refurbishment projects and described a prototype knowledge-based expert system. Albino and Garavelli (1998) used neural networks for the selection of subcontractors. However, these studies have some drawbacks which can be listed in the following items:
- Ip et al. (2004) , Tserng and Lin (2002) , Okoroh and Torrance (1999) , and Albino and Garavelli (1998) considered very few selection criteria and formed one-tier selection procedure, which made the selection process superficial, Technological and Economic Development of Economy, 2016, 22(2): 210-234 - Ip et al. (2004) and Tserng and Lin (2002) did not take into account qualitative criteria, which was obviously in contradiction with the characteristics of a real life problem, - Ng and Luu (2008) , Okoroh and Torrance (1999) , and Albino and Garavelli (1998) depended solely on past data that should be collected and trained to solve the problem, which produced a time-consuming model in the short-and mid-term, - Mbachu (2008) and Ip et al. (2004) did not employ any automated system, which made the calculation procedure an effort-consuming process, - Okoroh and Torrance (1999) has project-specific criteria, which did not allow the model to be easily used for all kinds of projects, and - Arslan et al. (2008) evaluated criteria that were scored on a 1 to 10 scale, which was, in fact, not adequately suitable for decision makers because of the fact that human perception and judgment cannot be quantified precisely and that decision makers intuitively feel more comfortable providing their judgments in verbal terms (rather than numerically), which, due to subjectivity, leads to ambiguity in human decision making (Poyhonen et al. 1997) .
Objectives of the study
This study intends to develop a construction subcontractor selection model, called CoSMo, by taking into account the above-mentioned shortcomings of previous researches. Although CoSMo can be employed in domestic construction projects, it was developed especially for international projects. This is mainly because principal contractors and subcontractors in domestic projects mostly have accumulated experience of working together on previous (and potantially on future) projects. Since main contractors know features and performances of many domestic subcontractors, they usually prefer working with the same subcontractors. However, this is not the case in international projects where the shared experience is less common and main contractors often have to work with unknown subcontractors from host countries or totally different third countries. Past relationships between the parties can be the unique factor in selecting subcontractors in domestic projects, whereas this can hardly be implemented in international projects especially where main contractor has not undertaken any project in the host country or city before.
In this context, main contractors need a sound evaluation tool to gain knowledge-based competition capabilities in the international construction market while choosing subcontractors. In practice, a few decision makers in main contracting firms choose subcontractors based on solely cost or a few criteria without employing any evaluation method. The last decision is often made by top managers based on heuristic techniques combining experience, intuition, and subjective judgment (Ulubeyli et al. 2010) . It means that subcontractor selection decisions are generally a 'gut feel' issue. Of course, the same organization can perform differently even under very similar conditions. However, many contractors have not developed their well-structured, systematic, and formalized process to prequalify subcontractors, and thus subcontracting selection process often lacks reliable standards. In this type of tender evaluation, there also appears to be a lack of a realistic working models capable of simultaneously (i) managing a large number of criteria and the complex selection process, (ii) compiling inputs for multiple decision-criteria, (iii) reducing the complexity of data handling, (iv) offering computer interaction that makes a model highly flexible to any change in situation and that facilitates the implementation of the fuzzy sets approach, (v) storing and reporting all input data, (vi) coping with multi-criteria information, which is imprecise and subjective, and accommodating non-numerical measures by means of fuzzy reasoning, (vii) giving an initial idea of how subcontractors perform on each decision criterion and allowing the main contractor to understand the picture on the strong and weak points of each bidder, (viii) requiring only one user, who may not be a construction practitioner, to run the model, (ix) creating a database system for shorter and easier evaluation of future subcontract packages by a feedback mechanism, and lastly (x) having high practical application. The model developed in this study gather all these characteristics together.
Moreover, proactive subcontractors who seek added knowledge about a main contractor's decision process can use CoSMo as an effective evaluation tool by focusing on the factors that are perceived to be important to main contractors and by examining their chances of success to qualify. An understanding of the main contractor's decision making behavior during the selection process can equip the subcontractor with the edge required to overcome competitors, or at least to improve their chances of doing so by increasing their chances of being awarded the sublet work. In brief, CoSMo can motivate the subcontractors continuously to concentrate on improving characteristics that are of interest to main contractors.
As a result, CoSMo can be used as a main contractor advisory system in choosing subcontractors by satisfying main contractor's needs to reduce the risk involved in the selection of a subcontractor, to remove subcontractor-based problems during construction, and finally to complete a construction project successfully (Ulubeyli 2008) .
Fuzzy multi-criteria decision making
In the present study, the fuzzy sets theory was employed as a solution methodology. This has several reasons which are explained in a detailed manner below.
During the conventional evaluation process of a decision-making problem, individuals are often required to give exact or precise numerical assessments with regard to each decision criterion. Although this is achievable, the quantitative representation of subjective characteristics may impose a heavy burden on the decision maker. Furthermore, scoring in these numbers may not "truly" reflect the decision maker's preferences. Humans are not machines, so they are susceptible to intuitive judgments based on individual knowledge and experience within domain. Therefore, scoring in linguistic terms is the closest form of representing human judgment, and decision makers may wish to evaluate criteria by using linguistic expressions or variables, which facilitates the processing of raw data that is normally difficult to represent. It is desirable that decision makers not be forced to provide exact numerical assessments, but rather, should be free to express their judgments subjectively. The fuzzy sets method introduced by Zadeh (1965) facilitates this, since asking preferences directly by crisp values for weighting and rating does not sufficiently accurately represent individual semantic cognition status. Linguistic values are used to Technological and Economic Development of Economy, 2016, 22(2): 210-234 address the vagueness of human thoughts in the selection process. Fuzzy logic is a very powerful tool that can be used to quantify imprecise data, and has the advantage of mathematically represent uncertainty and vagueness. As a conclusion, since knowledge can be expressed in a more natural way by using fuzzy sets, many engineering and decision problems can be greatly simplified. One of the most salient features of fuzzy logic is that subjective information that is available only as a linguistic statement can easily be made quantitative. The fuzzy inference can also model human judgment by combining qualitative and quantitative decision criteria into an aggregate measure.
Therefore, an ideal decision support system for subcontractor prequalification should have the ability of handling both quantitative and qualitative data, such that rational and consistent decisions can be made. However, incorporating capability measures of subcontractors into bid evaluation is no easy task. The measurements of qualitative factors can be described as "an art where subjective judgment, based on an individual's experience, becomes an essential part of the process". The information for these factors is qualitative in nature, and the assessment and interpretation for such require expert predictive judgment. Typically, it is necessary to transform the qualitative and quantitative subcontractor's information into objective numerical figures via a co-existent treatment. In the modeling process, linguistic values of selection criteria and evaluation of these criteria for each alternative are converted to the quantitative format by means of fuzzy sets. This helps decision-makers express linguistic value for criteria. The use of the linguistic values can be justified by the fact that human decision making involves ambiguity, vagueness, uncertainty, and imprecision. Although it may be too complex for easy acceptance by industry, this disadvantage was minimized via a computer-supported system in this study. In addition, fuzzy sets theory as a selection methodology shows an evidence of academic usage (Holt 1998 ).
Fuzzy algorithm of CoSMo
Many simple decision processes are based on a single criterion. Often, however, decisions should be made in an environment where more than one criterion governs constraints on the problem, and the value of each of these criteria is different (Lashgari et al. 2012; Yu 2013) .
Two primary issues in multi-criteria decision making are to acquire meaningful information regarding the satisfaction of the criteria by the various choices or alternatives and to rank or weight the importance of each of the criteria. The approach illustrated below defines a decision calculus that requires only "ordinal" information on the ranking of preferences and importance weights (Yager 1981) .
The typical multi-criteria decision problem involves the selection of one alternative, a i , from a universe of alternatives A given a set, C, of criteria that are important to the decision maker. Decision maker want to evaluate how well each choice satisfies each criterion, and he/ she wish to combine the weighted criteria into an overall decision function in some plausible way. This decision function essentially represents a mapping of the alternatives in A to an ordinal set of ranks. This process naturally requires subjective information from the decision authority concerning the importance weight of each criterion. Ordinal orderings of these importance weights are usually the easiest to obtain. Numerical values, ratios, and intervals expressing the importance weight of each criterion are difficult to extract and, if attempted and then subsequently altered, can often lead to results inconsistent with the intuition of the decision maker. To develop this calculus some definitions are required. Define a universe of n alternatives,
is the degree to which alternative a satisfies the criteria. A decision function that simultaneously satisfies all of the decision criteria is sought; hence, the decision function, D, is given by the intersection of all criteria:
Therefore, the grade of membership that the decision function, D, has for each alternative a is given by:
The optimum decision, a*, will then be made by the decision maker according to the ranking of alternatives in a decreasing order. Let now define a set of preferences, {P}, which will be constrained to being linear and ordinal. According to Ross (1997) , elements of this preference set can be linguistic values such as none, low, medium, high, absolute, or perfect; or they could be values on the interval [0, 1]; or they could be values on any other linearly ordered scale, e.g., [-1, 1] , [1, 10] , [20, 90] etc. These preferences will be attached to each of the criteria to quantify the decision maker's feelings about the importance that each criterion should have. Let the parameter, b i , be contained on the set of preferences, {P}, where 1, 2, , i r =  . Hence, the decision maker has for each criterion a measure of how important it is to him/her for a given decision. The decision function, D, now takes on a more general form when each criterion is associated with a weight expressing its importance to the decision maker. This function is represented as the intersection of r-tuples, denoted as a decision measure, ( )
A key question is what operation should relate each criterion, C i , and its importance weight, b i , that preserves the linear ordering required of the preference set, and at the same time relates the two quantities in a logical way where negation is also accommodated. The classical implication operator (→) satisfies these requirements. In this implication, the proposition b i is referred to as the hypothesis and the proposition C i is referred to as the conclusion (Zadeh 1973) . In fact, the relation enables each decision measure, denoted as M(C i , b i ) in Equation (2), to be calculated mathematically. Hence, the decision measure can be replaced with the classical implication by means of the implication's classical equivalent where i b is the complement of b i , ( )
Justification of the implication as an appropriate measure can be developed using an intuitive argument. The statement "b i implies C i " indicates a unique relationship between a preference and its associated criterion. Whereas various criteria can have the same preference weighting in a cardinal sense, they will be unique in an ordinal sense even though the equality situation b i = b j for i j ≠ can exist for some criteria. Ordering will be preserved because b i ≥ b j will contain the equality case as a subset. Therefore, a reasonable decision model will be the joint intersection of r decision measures:
and the optimum solution, a*, will be decided by the decision maker according to the concluding ranking of alternatives. In fact, equation (4) denotes that the model essentially accepts the "weakest link" approach as suggested by Smithson and Verkuilen (2006) . This means that a chain is only as strong as its weakest link and the minimum (∩) strength of all the links in the chain governs the strength of the overall chain (Ragin 2000) . This model is intuitive in the following manner. As the ith criterion becomes more important in the final decision, b i increases, causing i b to decrease, where now ( ) i C a will be the value of the decision function, D, representing alternative a. Since the type of input and output data is group membership, each alternative is ranked in order according to their membership value. As was used in the utility model for comparing fuzzy numbers developed by Juang et al. (1987) , a subcontractor prequalification ranking index ranging from 0.1 to 0.9 is obtained; the higher the index, the greater the perceived capability of the subcontractor. From another perspective, as explained in the above algorithm, membership values of preference set
It is more suitable that decision-maker expresses his/ her judgment on these values by linguistic variables rather than specific numerical values. Determining the number of conversion scales which are applied to transform linguistic terms into fuzzy numbers is generally intuitive (Chen, Hwang 1992) . Miller (1965) noted that the scale of "seven plus or minus two" generates the largest amount of information from a decision-maker regarding the objectives on the basis of absolute judgments. In this study, an interval scale of nine was adopted. The choice of nine rating levels of performance is appropriate because more or fewer categories appear to be either too many or too few for user friendliness and accuracy of evaluation. As shown in Figure 1 , nine linguistic values were used for determining numerical rating values of these variables. Similarly, nine linguistic weight values are illustrated in Figure 2 . A more detailed explanation of the value of this approach should be given. For a particular criterion, the negation of its preference acts as a barrier such that all ratings of alternatives below that barrier become equal to the value of that barrier. Here, all distinctions less than the barrier are disregarded while keeping distinctions above this barrier. However, in the decision model developed here, this barrier varies, depending upon the preference of the criterion to the decision maker. The more important is the criterion, the lower is the barrier, and thus the more levels of distinction there are. As a criterion becomes less important, the distinction barrier increases, which lessens the penalty to the criterion. In the limit, if the criterion becomes totally unimportant, then the barrier is raised to its highest level and all alternatives are given the same weight and no distinction is made. Conversely, if the criterion becomes the most important, all distinctions remain. In sum, the more important a criterion is in the decision process, the more significant its effect on the decision function, D (Yager 1981; Ross 1997) .
The structure of CoSMo
Decision support systems can be defined as "computer-aided systems designed to assist decision-makers to make better, faster, and/or cheaper decisions". They organize evaluation processes and help to make the processes less sophisticated, less time-and effort-consuming, more efficient in analyzing tender-data, and easier to execute. These systems facilitate computations through computer-supported models and ensure that the models are put into practice especially where the complicated algorithms and calculations such as fuzzy sets are in use.
In order to efficiently program and run CoSMo, the computational system was created using Visual Basic for Application (VBA) and MS Access, which are Windows-standard computing softwares. The platform of Windows XP was adopted for developing CoSMo as the programming application has the advantage of good capacity for model programming and database management. It is also an important advantage that CoSMo occupies only a space of 30-32 megabytes in the hard disc, together with recorded data. The release package for the system was designed so that it can be easily installed to a Windows system and can run independently without the need for additional configurations. CoSMo can also be used in computers where Microsoft Office has not been set up. The most important advantage of employing VBA and MS Access is their familiarity for most users. VBA was used to code the detailed processes of CoSMo, to automatically handle tasks, to render a high interface, and to offer friendly interaction with users. "If … Then … Else" type codes were produced in the VBA environment. In other words, the database's interface was designed with VBA to make easier the interaction between CoSMo and users, hiding the calculations and operations from the user's eyes. MS Access was selected in the present research effort, because it is a good storing and reporting tool. It also applies to VBA codes as modules, and user forms and reports supported by these modules work as menus that execute the proposal evaluation process. The main menu that shows and manages the modules of this program is illustrated in Figure 3 . The entire algorithm presented in Section 5 is repeated in the same way in all phases of CoSMo, i.e., "short-listing", "negotiation", "final selection", and "outcome", to reach final values. In using CoSMo, a main contractor needs to collect information from bidding subcontractors in referring to the parameters. After inputting the information into CoSMo, the system allows each subcontractor's final value to be calculated. In other words, after allocating rating and weight values for criteria of "short-listing", "negotiation", and "final selection", three intermediate values are obtained for each alternative. In the "outcome" step, these three values are automatically included as ratings of previous three stages. Then, weight values of them are assessed by decision maker(s) and final values are calculated.
Procedures in the subcontractor selection process
As demonstrated in Figure 4 , the forms "short-listing", "negotiation", "final selection", and "outcome", which are perceived as separate objects by the program, operate as data input modules, while the "briefing" report runs as the resultant output module. Consequently, it was intended in this study to develop specific modules with a special focus on subcontractor selection for international projects, where the evaluation parameters are more in number and complexity due to availability of mostly unknown bidders, and therefore decision support is even more valuable.
In general, all prequalification systems have the same basic steps: develop the criteria, gather the related data, apply the data to criteria, and decide whether to prequalify or remove the candidate. This procedure was also met by CoSMo using a three-step decision hierarchy. This three-stage process including "short-listing", "negotiation", and "final selection", ensures that subcontract packages do not reflect unwarranted variations in likely performance of subcontractors. Toward this aim, subcontractors must qualify for each stage. The decision maker introduces a cut-off point for prequalification as follows: the subcontractors whose membership values equals lower than "moderate" for "the sum of short-listing" is not considered for the negotiation and final selection stages. Namely, short-listing scores below this pre-determined threshold are deemed non-responsive. This frontier acts as a fixed limit from which all subcontractors can be compared, and serves as a measure of the quality of subcontractors vying for the project. The baseline is also believed to reflect the industry's standard in general. In practice, however, it is possible that no one passes the threshold. In such a case, main contractor may review his selection strategy and reduce the current standard. Figure 5 shows the application hierarchy of the first stage, i.e., "short-listing". First, an in-house committee in the name of the main contracting company invites subcontractors for preliminary negotiation and requests their formal documents concerning past experience, past performance, financial strength, workload, safety record, litigation history, and location of home office to evaluate them and assign corresponding ratings. In the document about past performance, randomly-selected some information may be checked by communicating with the related past main contractors. Formal relationship, personal relationship, and reputation are the other criteria to be considered in this stage. Ratings of formal relationship and personal relationship are determined according to the preliminary negotiation while those of reputation are assigned after controlling reputable past projects undertaken by applicants. After compiling all of the information about these ten criteria, the committee makes a meeting to determine rating scores and project-specific weights of them. It is suggested that decisions on these values are taken by consensus rather than by majority. The required explanations on these criteria should be added to CoSMo to store for using in future evaluations. The fuzzy algorithm is then applied automatically and, as mentioned above, those who have scores greater than a pre-determined threshold qualify. These bidders are sent detailed tender documents and project drawings to give their cost-and time-based proposals. Figure 6 illustrates the selection process followed in the second and third stages, i.e., "negotiation" and "final selection". Here, a detailed negotiation is held between the committee and subcontractors who have passed the first stage. Under the "negotiation" stage, the committee tests subcontractors on seven criteria such as knowledge of project, reliability, selfless attitudes, ability to solve problems, enthusiasm for the project, quality awareness, and level of communication. In fact, this stage is required to make evaluations on criteria of "negotiation" and "final selection" because (i) it is both time-and effort-consuming for the committee to take into account all of the candidate firms without applying any pre-qualification stage ("short-listing" in this model) and to negotiate with them in a detailed manner in the "short-listing" stage and (ii) "negotiation" and "final selection" stages focus on the detailed information about project-specific characteristics while "short-listing" is directly related with the core competencies of candidates. In terms of the "final selection" stage, there are seven more evaluation criteria such as price, technical personnel, labor, equipment, payment plan, amount of subcontracting, and amount of compensation for delay. After the meeting, committee members discuss for the ratings and weights of the criteria of "negotiation" and "final selection". In this process, necessary explanations should be noted to CoSMo especially regarding "final selection" criteria which are tangible in nature. Then, the fuzzy algorithm is automatically applied for "negotiation" and "final selection". For subcontractors who have qualified after "short-listing", the sum values of three stages are automatically appeared in the "outcome" form as rating scores of three stages. Finally, the committee determines weights of these three stages for the last automatic fuzzy calculation. This procedure ensures that high scores in one, perhaps less important area, do not hide a low score in another category. Finally, in the "briefing" form, the concluding results obtained in the "outcome" form are ranked and reported in a decreasing order. In this context, CoSMo gives an opportunity of making the last decision to the committee instead of calculating the top subcontractor only, and the results calculated for all candidates are reported in a ranking order. Accordingly, there is no obligation to select the top bidder. The committee can take a responsibility to award the second top bidder after investigating why it had a lower "outcome" value. However, if the difference between final results is larger than one scale, it is not recommended that the committee takes the initiative to choose the second top subcontractor.
Case study
To gain a better understanding of the current practice of subcontractor selection, a case of international construction works was considered. Thus, the applicability of CoSMo was also validated by conducting a real world construction project. The main contractor in this case study was from Turkey and has had experience in the international construction market for decades. The project for which the firm would choose a subcontractor was a multi-objective residence complex in Moscow, Russia. It contained a multi-storey building complex which was composed of luxurious office and dwelling areas, a car park, and a technical annexe. As usual, the main contractor would divide the project into several packages, and give each part to a subcontractor. In this case study, the subcontractor selection process for basic construction works was examined. A total of six subcontractors were interested in this package. From here, companies are denoted by SC1, SC2, SC3, SC4, SC5, and SC6 for confidentiality. SC1, SC2, and SC3 were the applicants for the package while SC4, SC5, and SC6 were the invited companies. SC1, SC4, and SC6 were Turkish firms, SC2 was a Russian firm, SC3 was a Ukrainian firm, and SC5 was an American firm.
Linguistic ratings of 24 criteria and three stages were presented in Table 1 as a whole. In addition to these scores, their linguistic weights were also given in brackets. According to the data, the main contractor perceived "past experience", "selfless attitudes", and "enthusiasm for the project" as the most predominant criteria in his own selection strategy, while "amount of compensation for delay" was identified as the least important parameter. It was interesting that in the "final selection" stage there was no criterion perceived as "extremely high" in importance whereas in the "negotiation" stage there were two such criteria. This obviously showed how much important the intangible criteria could be. However, when all stages were taken into account together, "negotiation" was evaluated as the least important stage while "short-listing" was fixed as the most significant one. Nevertheless, importance levels placed on three stages were all above "high". The main contracting company established a subcontractor prequalification committee including a member of board of directors, project coordinator, proposal/tender manager, project manager, and site manager.
From previous experience with various subcontractors, the committee first reviewed the short-listing information about candidates and decided on the prequalified subcontractors. As an example, data and the result of "short-listing" for SC1 were illustrated in Figure 7 .
For the "short-listing" stage, the selection problem including alternatives (A) and criteria (C) was set up as follows:
{ } 1, 2, 3, 4, 5, 6, 7, 8, 9, 10
C S S S S S S S S S S
In this stage, the committee rated the subcontractors with respect to the ten criteria, as shown in Table 1 . These ratings are fuzzy sets expressed in Zadeh's (1965) notation. For instance, the fuzzy set of S1 ("past experience") can be given as follows:
Fig. 7. Screen of the "short-listing" module
Technological and Economic Development of Economy, 2016, 22(2): 210-234 This kind of membership functions for each of the alternatives was formed in further calculations. The committee listed its preferences (weights), the set of "b", for each of the ten criteria. These were also shown in Table 1 0.9, 0.8, 0.6, 0.7, 0.6, 0.6, 0.5, 0.4, 0.6, 0.3 ; (8) { } 0. 1, 0.2, 0.4, 0.3, 0.4, 0.4, 0.5, 0.6, 0.4, 0.7 
Solving the problem for SC1 as an example, the following result was obtained: At the end of this "short-listing" stage, the resultant values of SC2 and SC3 were calculated as "poor", i.e., lower than the threshold "moderate". Therefore, these subcontractors were neither evaluated nor screened in the remaining two stages and were reported as "unqualified" in the "briefing" form. In this context, SC1, SC4, SC5, and SC6 were the bidders that could pass to "negotiation" and "final selection". To be graphical examples, data and results of "negotiation" and "final selection" for SC1 were respectively illustrated in Figures 8 and 9 .
For the "negotiation" stage, the problem including alternatives (A) and criteria (C) was formed as follows: 2, 3, 4, 5, 6, 7 C N N N N 
Here, the committee rated these four subcontractors with respect to the seven criteria (Table 1 ). The fuzzy set of N1 ("knowledge of project") can be given as an example:
The committee listed its preferences (the set of "b") for each of the seven criteria (Table 1) . From these preference values, the following calculations resulted: 0.6, 0.7, 0.9, 0.8, 0.9, 0.8, 0 .5 
Technological and Economic Development of Economy, 2016, 22(2): 210-234 Solving the problem for SC1 as an instance, the following result was calculated: 
Similarly, for the "final selection" stage, the problem including alternatives (A) and criteria (C) was formed as follows:
{ } 1, 2, 3, 4, 5, 6, 7 . Fig. 10 . Screen of the "outcome" module
The committee rated these four subcontractors with respect to the seven criteria (Table 1 ). The fuzzy set of F1 ("price") can be given as follows:
The committee listed its preferences, the set of "b", for each of the seven criteria (Table 1) 
Solving the problem for SC1 as an example, the following result was obtained: 
For each subcontractor, the results of the "outcome" stage were calculated. As an instance, data and the result of "outcome" for SC1 were illustrated in Figure 10 .
For the "outcome" stage, the selection problem including alternatives (A) and criteria (C) was set up as follows:
Technological and Economic Development of Economy, 2016, 22(2): 210-234 As criteria in this step are selection stages, their rating values were automatically taken from stage results for each subcontractor (Table 1) . For example, the fuzzy set of SS ("the sum of short-listing") can be given as follows:
The committee listed its preferences, the set of "b", for each of the three stages (Table 1) . From these preference values, the following calculations resulted:
Solving the problem for SC1 as an instance, the following result was calculated: 
In the "briefing" module, the concluding rankings shown in Figure 11 were obtained. In conclusion, the committee determined SC5 and SC6 as the top two bidders. Figure 12 , each subcontractor's partial scores can be viewed as a whole in one page (the "firm details" page) from the "information on firms" module in the main menu presented in Figure 3 .
As there were two equal winners of the subcontracting package, an important issue in practice was taken into account by the committee. Since subcontractors in the same or successive activities work in an interactive manner with each other, cooperation and communication between them should be problem-free. This issue may likely turn to a vital problem in international construction projects where cultural differences between crews can have utmost importance. The traditional way to subcontract a project does not allow for thorough evaluation of the interdependence of various participating entities in each project, and generally cuts each specific project into several completely independent subcontracts. However, a general contractor should consider the entire subcontracting supply chain of projects because what is individually optimal combination may not necessarily result in the best global outcome. Therefore, in order to reach better harmony between real physical constructers of projects and thereby to obtain a better-quality final product, subcontractors who have worked together in previous projects can be employed. While using too many subcontractors and second-tier subcontractors in a large-scale construction project, supervising and controlling become more difficult for principal contractors and extra conflicts can rise between crews. Olsson (1998) explains that several main contractors in Sweden use a special subcontract coordinator before and during construction in an effort to reduce problems.
As a result, whether healthy working environment between the selected two firms and the other potential subcontractors that might undertake the remaining work packages of the project could be established was taken into account by the committee. After investigating past experiences of subcontractors who have applied to be awarded for several packages of final construction works, the committee determined that SC6 has worked with the majority of these applicants in harmony in past international projects. Consequently, the committee decided to employ SC6 instead of SC5, and presented the decision letter and the attached printout reports of each stage of CoSMo to the approval of Board of Directors. At last, SC6 was awarded after the approval.
Conclusions
In this study, a computer-aided subcontractor selection model called CoSMo that can help a project contractor in conducting a prequalification assessment among various combinations of on-list subcontractors was introduced. The mission of this computational model is to emphasize the importance and necessity of the subcontractor selection problem in international construction projects. The model presented in this study can be described as a dynamic, reliable, and practical automation system that was created to choose the most suitable subcontractor for a specific project package rather than the "best" subcontracting firm in absolute terms. Selecting the most appropriate tender with high confidence, in turn, help in reducing the effort and time consumed in the evaluation process. General contractors can thus concentrate on attracting professional subcontractors who will bring and produce quality work, which will ultimately have a significant impact on improving the main contractors' business reputation. It should also be noted that the results obtained by CoSMo are completely human-dependent and that each decision strategy is subject to biases of the decision maker(s). In this respect, the results presented provide insight into how decision makers view their decision factors in the subcontractor prequalification. Subcontractor selection inputs themselves are critical procurement aspects that should be tailored to match project objectives despite the fact that decision-makers may give different weights of importance to the same criterion and give different values of a criterion for each subcontractor over time. Toward this aim, in recognition of the changes of preference in relation to a particular situation, CoSMo allows decision-makers to change weights and ratings of criteria and stages as required. This option provides flexibility for CoSMo. In addition, since different decision models may provide different solutions, CoSMo can be used as a benchmark dictionary by potential researchers in the future. However, in this study, it cannot be claimed that perfect or the best decision-making model was found out, because all of decision methodologies are based on particular theoretical acceptances together with limitations and each aid has some disadvantages in arriving at a solution. Nevertheless, users should be aware of limitations of any technique. For the present study, it is recommended that CoSMo users may exercise different scenarios based on their changeable or indecisive judgments on ratings and weights. The fact that the "briefing" module in CoSMo shows the final ranking of candidates instead of giving only one result addresses this notion. The novel architecture for the subcontractor selection in a fuzzy environment presented can be easily extended to other managerial and industrial decision-making problems.
As an on-going research, a detailed computer-supported subcontractor resource module where CoSMo will be integrated into a project management software as a component is still being developed. Therefore, this study solely proposes a preliminary model to establish a standardized environment to accelerate the subcontracting procurement process of a construction project. In this module to be developed, when the decision maker picks the awarded subcontractor on the CoSMo screen, all the resource information (labor and equipment) of this firm will be automatically transferred to the module. In the main project program, time and cost schedules of project activities that will be executed by the subcontractor will then be formed instantly. Hence, both the subcontractor selection and the related planning efforts will be carried out in one time.
